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Summary

Fructooligosaccharides (FOS) are among the main carbohydrates with prebiotic activity, and they are the
most applied functional carbohydrate ingredient in the food industry. FOS are known to hydrolyse when
subjected to thermal processing, thus partially losing its functional properties. In this study, we evaluate
whether three nonthermal technologies are suitable for processing FOS regarding its stability after processing. FOS were subjected to ultrasound, high-pressure processing (HPP) and atmospheric cold plasma
(ACP). The FOS solution, 70 g L 1, was set at a concentration recommended for human intake. The
treatments were carried out at operating conditions usually used for microbial inactivation in foods (HPP
at 450 MPa for 5 min; US at 600–1200 W L 1 for 5 min; ACP at 70 kV for 15–60 s). NMR and HPLC
analysis of the FOS components showed that ACP, ultrasound and HPP have not induced any signiﬁcant
change on FOS concentration (<2.0%) nor on the degree of polymerisation of the FOS (<3.3%). Contrarily to what is reported for thermal treatments, these nonthermal technologies were considered suitable for
FOS processing.
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Introduction

Supplementation of beverages and foods with
nutraceutical components improves their nutritional
quality (Breithaupt, 2001; Renuka et al., 2009). Fortiﬁcation with probiotics or with prebiotics is a recent
trend in this market, and several new products have
been developed and marketed in the past few years
(Luckow et al., 2006). Prebiotics like fructooligosaccharides (FOS) have attracted special attention
because of their nutraceutical properties and because
they have a sweet taste similar to sucrose (Yun, 1996).
FOS have been incorporated in several food products
because they are easier to add into some foods than
other probiotics (Macfarlane et al., 2006; Ranadheera
et al., 2010).
Fructooligosaccharides are fructose oligomers consisting of a chain of fructosyl moieties linked by a b
(2-1)-glycosidic bond, which is linked by an a (1-2)*Correspondent: Fax: +55 85 33669610; e-mail: fabiano@ufc.br

glycosidic bond to a single glucose unit at the nonreducing end (L’Homme et al., 2003a,b). The number of
fructosyl moieties ranges between 3 and 8. FOS act as
a functional food ingredient, regulate the growth of
beneﬁcial biﬁdobacteria in the digestive tract, reduce
total cholesterol and provide a general improvement in
human health (Tomomatsu, 1994; Rastall, 2010; Morris & Morris, 2012; Saad et al., 2013).
One of the main problems when incorporating FOS
into food products is that most processes, including
pasteurisation and/or sterilisation, trigger the chemical
hydrolysis of these components (L’Homme et al.,
2003a,b; Courtin et al., 2009). FOS hydrolyse at low
pH and mild temperatures, which are conditions easily
achieved during processing and long-term storage
(Charalampopoulos & Rastall, 2012). Studies with
FOS decomposition showed a ﬁrst-order kinetic rate
for the hydrolysis of FOS and sucrose, but with a
much lower activation energy for FOS than for
sucrose, indicating that less energy is required to
hydrolyse FOS (L’Homme et al., 2003a,b). Studies
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have also shown that the kinetic rate decreased with
the chain length (Aguilar et al., 2002; Vega & ZunigaHansen, 2015). The degree of degradation of FOS during thermal processing depends on the temperature
applied and the pH of the solution or food matrix.
Nonthermal processes, such as atmospheric cold
plasma, high-pressure processing and ultrasound processing, have been shown as potential substitutes to
thermal processes and are being applied in some applications in the food industry. Several studies showed
that these nonthermal processes have positive impact
on the nutritional and sensory quality of many food
products (Denes, 2004; Perera et al., 2009; Fernandes
et al., 2010; Garcia-Noguera et al., 2010; Costa et al.,
2011). These nonthermal processes could prevent the
hydrolysis of FOS because of the milder operating
conditions that are applied.
In this work, the inﬂuence of three nonthermal processes was evaluated on the stability of FOS. Plasma processing, high-pressure processing and ultrasound
processing followed by high-pressure processing were
applied to an aqueous FOS solution, and the retention of
FOS was evaluated. A model solution was used to evaluate the direct eﬀect of these processes on FOS hydrolysis.
Materials and methods

Materials and sample preparation

Commercial fructooligosaccharides (FOS) (Orafti P95)
were donated by Beneo GmbH (Mannheim, Germany)
and consisted of FOS with ﬁve diﬀerent degrees of
polymerisation (DP). The samples subjected to plasma,
ultrasound and high-pressure processing (HPP) were
prepared diluting FOS into distilled water obtaining a
solution of 70 g L 1. This concentration of FOS was
set taking into account the recommended human
intake reported by some authors (Alles et al., 1999;
Carabin & Flamm, 1999; Al-Sheraji et al., 2013) and
considers a daily intake of up to 500 mL of FOS containing products. Up to this date (May/2016), there is
no oﬃcial recommended human intake set by agencies
such as FAO, FDA or others.
The concentrations of FOS, fructose and glucose of
the untreated FOS solution were: 3.1  0.1 of fructose, 4.2  0.1 of glucose, 14.2  0.1 of DP3,
14.2  0.1 of DP4, 31.0  0.1 of DP5, 3.3  0.1 of
FOS with higher degrees of polymerisation (which will
be denoted as DP5 + ).
Sample processing

Plasma processing was carried out applying atmospheric cold plasma (ACP) to the samples at four different processing times (15, 30, 45 and 60 s) and in
two diﬀerent positions concerning the plasma beam:

© 2016 Institute of Food Science and Technology

direct plasma exposure (IN) and indirect plasma exposure (OUT). Before applying ACP, 20 mL of the FOS
solution was placed in Petri dishes of 50 mm of diameter and were packaged inside polyethylene terephthalate (PET) trays. The experiments were carried out at
a discrete voltage of 70 kV using ambient air at atmospheric pressure conditions. Full description of the
experimental apparatus can be found in Segat et al.
(2015). The treatment time was selected based on a
previous study carried for pathogens inactivation. As
reported by Ziuzina et al. (2015), complete bacterial
inactivation was achieved after 20 s of direct exposure
and 45 s of indirect exposure.
High-pressure processing was carried out in an
industrial hydrostatic unit (Hiperbaric 420) at HPP
Tolling Ltd (Dublin, Ireland). The samples were conditioned in transparent polyethylene ﬂasks of 250 mL
and subjected to high-pressure processing at 450 MPa
for 300 s, with water at 7 °C as the pressure-transmitting medium. The time taken to reach the target pressure was 180 s and decompression took 15 s. This
condition was chosen because it is the condition most
used in the industry and because it has been known to
be eﬀective against microorganisms (Uckoo et al.,
2013; Chen et al., 2015).
Ultrasound was applied to the FOS solution using a
probe ultrasound (Branson 500, Emerson Technologies
GmbH, Dietzenbach, Germany). Two ultrasound
power densities were applied to 250 mL of solution:
600 and 1200 W L 1. Ultrasound processing was carried out for 5 min. After ultrasound application, the
FOS solution was further processed by HPP applying
the same conditions described previously. The use of
ultrasound followed by HPP processing was carried
out because ultrasound alone is not very eﬃcient in
inactivating microorganisms, but HPP can enhance the
inactivation of some microorganisms and spores (Evelyn & Silva, 2016).
All experiments were carried out in triplicate, and
all analysis was performed in triplicate. Results are
presented as mean and standard deviations.
HPLC analysis and quantification

High-performance liquid chromatography (HPLC) was
performed in a Shimadzu prominence 20AB equipment
to quantify the FOS in water after plasma, ultrasound
and HPP treatments. The samples were ﬁltered
through a TeﬂonTM ﬁlter (0.45 lm) to remove ﬁne
particulates, and then, 1.0 mL of the ﬁltrate was transferred to vials for HPLC analysis.
The chromatographic separation was performed
using a SupelcoTM sulfonated polystyrene/divinylbenzene column resin in calcium form (300 9 7.8 mm
I.D.). The detector employed was a refractive index
(RI-10A) detector. The injection volume was 20 lL in
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isocratic elution (100% of H2O) for 30 min at 80 °C
and 0.5 mL min 1 followed by 5 min of cleaning step.
Peaks were identiﬁed based on the retention times
(tr), compared with standards. The standard curve for
kestose, nystose, fructofuranosyl-nystose, fructose and
sucrose was built over a concentration range of 40.3 to
100.2 mg L 1 (R2 value of 0.998).
The combined uncertainty of the method was estimated from the standard deviation of the chromatogram integration from the duplicate analyses,
pipette and balance errors.

window of 16 ppm, acquisition time of 3.3 s and a
relaxation delay of 2.0 s. The spectra were calibrated
externally to the TMSP-d4 resonance (d 0.0) and temperature controlled to 298 K.
One-bond 1H-13C HSQC NMR experiments were
acquired using the standard spectrometer library pulse
sequences, with an evolution delay of 1.7 ms for an
average 1J(C,H) of 146 Hz, 1442 9 200 data matrix,
96 scans per t1 increment, spectral widths of
9615.4 Hz in f2 and 30165.9 Hz in f1 and relaxation
delay of 1.0 s.

NMR analysis

Results and discussion

The NMR experiments were performed in an Agilent
600-MHz spectrometer equipped with a 5 mm (HF/15N-31P) inverse detection One ProbeTM with actively
shielded Z gradient. The 1H NMR spectra were performed using the PRESAT pulse sequence for nondeuterated water suppression (d 4.85). The data were
acquired with the RF pulse (p1) calibrated and 16
scans, 64k of time domain points for a spectral

The aqueous FOS solutions were processed by atmospheric cold plasma, HPP and combined ultrasound
and HPP. The 1H-13C HSQC NMR spectra of the
untreated FOS solution (standard) and of all treated
samples were similar. Figure 1 presents the spectra of
the standard FOS solution. Figures 2 and 3 present
the spectra of the solution after 60 s under direct cold
air plasma treatment and after 5 min subjected to

Figure 1 HSQC NMR spectra of the FOS
standard solution (70 g L 1).

Figure 2 HSQC NMR spectra of the FOS
standard solution after direct plasma treatment (70 kV for 60 s).
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Figure 3 HSQC NMR spectra of the FOS
solution after ultrasound (1200 W/L for
5 min) followed by high-pressure processing
(450 MPa for 5 min).

ultrasound (1200 W L 1) followed by HPP treatment,
which can be considered the most drastic treatments
and that could theoretically infer in the highest
changes in the FOS.
It could be concluded that the plasma, HPP and
ultrasound processes did not change the FOS composition and did not result in any kind of depolymerisation by hydrolysis of the FOS. Analysing the results
from the 1H-13C HSQC NMR spectra, none of the
processes and none of the diﬀerent process conditions
that were tested were able to hydrolyse the FOS in
aqueous solution (P < 0.05).
The samples were also submitted to HPLC analysis
because the RID detector in HPLC has a much higher
sensibility then NMR spectrometry. The analysis by
this second methodology was carried out to whether
conﬁrm the results obtained by NMR analysis or to
detect any change in FOS that the NMR could not
detect.
The data obtained from the HPLC analysis were
used to quantify the FOS, fructose and glucose in the
aqueous solutions. The concentrations of kestose
(DP3), nystose (DP4), fructofuranosyl-nystose (DP5),
higher FOS (DP5 + ), fructose and glucose were determined through a calibration curve and conﬁrmed by

mass balance of the free fructose and glucose and as
linked monomer in FOS.
Table 1 presents the concentration of FOS after
direct atmospheric cold plasma treatment of the FOS
solution and the relative changes observed after the
treatment. The direct plasma treatment has not
showed any signiﬁcant change (P < 0.05) in the concentration of FOS and corroborated with the results
obtained through NMR analysis. Tukey’s test was carried out with the data and conﬁrmed that the concentration of each degree of polymerisation was
statistically similar at each processing time that was
studied and to the control (untreated FOS solution).
Cold plasma treatment produces several diﬀerent
free radicals, anions and cations that can lead to polymerisation of several organic compounds (Song et al.,
2013; Hazrati et al., 2014; Liu et al., 2014). No further
polymerisation of FOS occurred during direct plasma
treatment, because the concentration of the several
degrees of FOS oligomers remained constant and no
decrease in the concentration of fructose or glucose
was observed, which would indicate polymerisation of
the compounds.
The treatment with indirect cold air plasma also did
not change signiﬁcantly (P < 0.05) the concentration

Table 1 Concentration and relative changes of FOS, fructose and glucose (g L 1) after direct plasma processing
Concentration (g L 1)
Component

0 s (initial)

15 s

DP5+
DP5
DP4
DP3
Glucose
Fructose

3.3
31.0
14.2
14.2
4.2
3.1








3.3
31.0
14.2
14.2
4.2
3.1

0.1a
0.1b
0.1c
0.1d
0.1e
0.1f

Change in concentration (g L 1)
30 s







0.1a
0.1b
0.1c
0.1d
0.1e
0.1f

3.3
31.0
14.3
14.2
4.2
3.0

45 s







0.1a
0.1b
0.1c
0.1d
0.1e
0.1f

3.3
31.0
14.3
14.2
4.2
3.0

60 s







0.1a
0.1b
0.1c
0.1d
0.1e
0.1f

3.3
30.9
14.3
14.2
4.2
3.1

15 s







0.1a
0.1b
0.1c
0.1d
0.1e
0.1f

0.0
0.0
0.0
0.0
0.0
0.0

30 s
0.0
0.0
0.1
0.0
0.0
0.1

45 s
0.0
0.0
0.0
0.0
0.0
0.0

60 s
0.0
0.1
0.1
0.0
0.0
0.1

Figures with the same letters are not significantly different (P < 0.05).
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of FOS, glucose and fructose in the solution (Table 2).
The indirect plasma treatment is usually less intense
than the direct plasma treatment. The number of free
radicals, anions and cations is lower, and the energy
transferred from plasma to the treated solution is
lower as well. The results obtained from indirect
plasma treatment showed also that no depolymerisation or hydrolysis of FOS occurred. Similar to the
results observed with direct plasma treatment, Tukey’s
test has conﬁrmed that the concentration of each
degree of polymerisation was statistically similar at
each processing time that was tested and to the control.
These results are positive, because direct and indirect plasma treatment could be applied to liquids
(milk, juices and others) containing FOS without compromising the concentration of FOS and thus its prebiotic potential.
Table 3 presents the concentration of FOS after
high-pressure processing (HPP) and after ultrasonic
treatment followed by HPP of the FOS solution. No
signiﬁcant change was observed in the concentration
of FOS after the application of these processes
(P < 0.05). The retention of FOS in HPP is related to
the mechanical nature of this process and because no
chemical species are usually produced during its application.

Depolymerisation of FOS was a concern because
some studies showed that some polysaccharides
hydrolyse when subjected to ultrasound application.
Studies showed that high power low frequency ultrasound produces cavitation that are able to split macromolecules in a nonrandom way, producing a narrower
mass distribution polysaccharide (Price, 1990). Cavitations produced by ultrasound application were able to
reduce the average chain length of dextran, starch,
xanthan and chitin (Szu et al., 1986; Lorimer et al.,
1995; Takahashi et al., 1995; Berth et al., 1996; Portenl€anger & Heusinger, 1997).
The application of ultrasound prior to HPP, however, could lead to hydrolysis of FOS molecules
because the cavitation produced in the aqueous solution generates free radicals that could theoretically
attack the FOS molecules. The results showed the
FOS solution maintained its characteristics and that
this kind of molecules is not susceptible to hydrolysis
by ultrasound. Tukey’s test was carried out with the
data and conﬁrmed that the concentration of each
degree of polymerisation was statistically similar to the
control (untreated FOS solution).
Thermal processing of FOS, reported by several
works (L’Homme et al., 2003a,b; Huebner et al., 2008;
Courtin et al., 2009; Campos et al., 2016), showed a
signiﬁcant change in FOS content and high rates of

Table 2 Concentration and relative changes of FOS, fructose and glucose (g L 1) after indirect plasma processing
Concentration (g L 1)

Change in concentration (g L 1)

Component

0 s (initial)

15 s

DP5+
DP5
DP4
DP3
Glucose
Fructose

3.3
31.0
14.2
14.2
4.2
3.1








3.3
31.1
14.3
14.2
4.2
3.0

0.1a
0.1b
0.1c
0.1d
0.1e
0.1f

30 s







0.1a
0.1b
0.1c
0.1d
0.1e
0.1f

3.3
31.0
14.3
14.2
4.2
3.0

45 s







0.1a
0.1b
0.1c
0.1d
0.1e
0.1f

3.3
31.0
14.2
14.2
4.2
3.0

60 s







0.1a
0.1b
0.1c
0.1d
0.1e
0.1f

3.3
30.9
14.3
14.2
4.2
3.1

15 s







0.1a
0.1b
0.1c
0.1d
0.1e
0.1f

0.0
0.1
0.1
0.0
0.0
0.1

30 s
0.0
0.0
0.0
0.0
0.0
0.0

45 s

60 s

0.0
0.0
0.1
0.0
0.0
0.0

0.0
0.1
0.1
0.0
0.0
0.1

Figures with the same letters are not significantly different (P < 0.05).

Table 3 Concentration and relative changes of FOS, fructose and glucose (g L 1) after treatments with HPP and with ultrasound application
followed by HPP
Concentration (g L 1)

Component

Control

DP5+
DP5
DP4
DP3
Glucose
Fructose

3.3
31.0
14.2
14.2
4.2
3.1








0.1a
0.1b
0.1c
0.1d
0.1e
0.1f

Change in concentration (g L 1)
US (600 W L 1)
+ HPP

HPP
3.3
31.1
14.2
14.2
4.2
2.9








0.1a
0.1b
0.1c
0.1d
0.1e
0.1f

3.3
31.0
14.3
14.3
4.2
2.9








0.1a
0.1b
0.1c
0.1d
0.1e
0.1f

US (1200 W L 1)
+ HPP
3.3
31.0
14.3
14.3
4.2
2.9








0.1a
0.1b
0.1c
0.1d
0.1e
0.1f

HPP
0.0
0.1
0.0
0.0
0.0
0.2

US (600 W L 1)
+ HPP
0.0
0.0
0.1
0.1
0.0
0.2

US (1200 W L 1)
+ HPP
0.0
0.0
0.1
0.1
0.0
0.2

Figures with the same letters are not significantly different (P < 0.05).
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hydrolysis. Courtin et al. (2009) reported losses up to
65% of FOS in model solution after 15 min of processing at 100 °C. According to the authors, FOS were
very sensitive to hydrolysis during thermal processing
and much more sensitive than AXOS (arabinoxylooligosaccharides) and XOS (xylooligosaccharides). It
was found that the hydrolysis of FOS increased with
increasing temperature. The results reported by Vega
& Zuniga-Hansen (2015) has shown a low retention of
FOS (<80%) after thermal processing in a citrate buffer solution and also in orange and tomato juice.
However, their results diﬀer from the results of Courtin et al. (2009) regarding the inﬂuence of the temperature, because it was found that the hydrolysis of FOS
decreased with increasing temperature. Studies carried
out with blanching of yacon showed that blanching
(50–80 °C) has caused the hydrolysis of FOS, reducing
the contents of FOS by 13 to 32% depending on the
temperature that was applied (Campos et al., 2016).
The insigniﬁcant changes found after the diﬀerent
treatments and exposures indicate that these nonthermal processes did not aﬀect the FOS concentration.
The stability of these compounds is an advantage
because the nonthermal sterilisation processes represents rapid, eﬃcient and reliable alternatives to
improve the quality of food.
Conclusions

Atmospheric cold plasma (direct or indirect application), high-pressure processing (HPP) and ultrasonic
treatment followed by HPP did not change signiﬁcantly the concentration of FOS solution and have not
hydrolysed the FOS molecules. The results indicate
that these nonthermal processes may be applied to liquids containing FOS in its formulation, without compromising its concentration and thus prebiotic
potential. The nonthermal processes studied herein
resulted in a much higher retention of FOS than the
traditional thermal processing.
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